Integral membrane proteins play essential roles in all living systems; however, major technical hurdles challenge analyses of this class of proteins. Biophysical approaches that provide structural information to complement and leverage experimentally-determined and computationally-predicted structures are urgently needed. Herein we present the application of luminescence resonance energy transfer (LRET) for investigating the interactions of the polytopic membrane-bound oligosaccharyl transferases (OTases) with partner substrates. Monomeric OTases, such as the PglBs from Campylobacter jejuni and C. lari catalyze transfer of glycans from membrane-associated undecaprenol diphosphate-linked substrates to proteins in the bacterial periplasm. LRET-based distance measurements are enabled by the inclusion of an encoded N-terminal lanthanide-binding tags (LBTs), and LRET between the luminescent (LBT)-Tb 3+ donor complex and fluorescentlylabeled peptide and glycan substrates, provides discrete distance measurements across the span of the membrane. LRET-based measurements of detergent-solubilized PglB from C. lari allowed direct comparison with the distances based on the previously reported the C. lari PglB crystal structure, thereby validating the approach in a defined system. Distance measurements between peptide and glycan substrates and the C. jejuni PglB offer new experimental information on substrate binding to the related, but structurally uncharacterized, OTase.
INTRODUCTION
Integral membrane proteins are estimated to comprise approximately 30% of all proteomes, 1 yet they only represent a small fraction of structures deposited in the protein data bank (PDB). 2, 3 This important class of proteins plays essential functions in cellular transport, signal recognition and transduction, bioenergetics, and cell-cell communication, making many of the members attractive targets for drug development. 4 However, understanding the structures and interactions of integral membrane proteins is hampered by technical challenges associated with the application of analytical biophysical approaches. In particular, these flexible and unstable proteins are among the most challenging to study because access to quantities of purified proteins from heterologous expression is often hindered by cellular toxicity 5 and protein solubility upon extraction from native membrane environments. 6 As of early 2015, there were 533 unique Xray structures of membrane proteins deposited in the PDB. 7 Furthermore, progress has also been made in the application of other approaches, including electron cryomicroscopy (cryo-EM), 8 MicroED, 9 and solid state NMR, 10 for deriving the structures of integral membrane proteins. While these challenging and labor-intensive approaches often provide the first glimpses into the structures of target membrane proteins, we sought to establish a general strategy, employing a sensitive spectroscopic ruler based on luminescence resonance energy transfer (LRET) pioneered by Selvin and coworkers [11] [12] [13] and enabled by encoded lanthanide-binding tags (LBTs). 14 This approach provides substrate-binding information and affords discrete distance measurements across the span of the membrane. LRET-based techniques have been used to study the functions and dynamics of large protein complexes. In particular, lanthanide-binding sites have been introduced by chemical modification for the study of ion channels 15, 16 and encoded Tb 3+ binding sites have been introduced into lactose permease, a membrane transporter 17 as well as the Shaker potassium channel expressed in live Xenopus oocytes. 18 In this study, we demonstrate the application of LRET for investigating substrate-protein interactions between PglBs, which are polytopic membrane proteins, and their cognate substrates. PglBs are monomeric oligosaccharyl transferases (OTases) in the N-linked glycosylation systems of the Gram-negative bacteria for example of the Campylobacter genus. 19 N-linked glycosylation is a posttranslational modification that occurs in all domains of life 20 and has been shown to play an important role in bacterial pathogenicity in selected species including C. jejuni. 21 Specifically, we report LRET-based distance measurements between a Tb 3+ -complexed N-terminal LBT as the sensitized luminescence donor complex and fluorescently-labeled peptide and glycan substrates. From a practical perspective, LRET can be applied to detergent-solubilized membrane proteins affording sensitive measurements using limited volumes of low µM protein samples on verifiably active targets using relatively simple instrumentation.
In the past decade, there has been considerable progress in defining the biochemical steps 22 in the pgl pathway enzymes with recent exciting developments in the X-ray-based structure determination of the two most complex members of the pathway, PglK 23 and PglB. 24 PglK, the flippase, translocates the polyprenol diphosphate-linked glycans from the cytoplasmic to the periplasmic face of the inner membrane, and PglB mediates glycan transfer to selected asparagines in target proteins within the Asp/Glu-Xaa 1 -Asn-Xaa 2 -Ser/Thr consensus sequon, where Xaa 1 and Xaa 2 can be any amino acid except proline (Scheme 1). In addition to the structural analysis of PglB from C. lari (PglBCl) with a bound substrate peptide, extensive bioinformatics and biochemical studies have provided insight into optimized peptide substrate determinants, 25 the corresponding peptide binding site and potential mechanistic models for asparagine glycosylation. 26 Additionally, computational approaches have been applied to predict the structure of the undecaprenol-diphosphateheptasaccharide (Und-PP-heptasaccharide) in complex with PglB. 27 Scheme 1 PglB-catalyzed peptide glycosylation.
To validate the LRET-based approach and complement the structural data on peptide binding to the C. lari PglB (PglBCl) we first applied the approach to measure distances that could be defined from the crystallographic analyses of the PglB 24 and an LBT. 28 Then LRET was applied to complexes of the C. jejuni PglB (PglBCj) with either peptide or glycan substrates. Distances measured by LRET in solution provide experimental evidence supporting the location and orientation of the substrate peptide (SP, Figure 1 ) binding to PglBCl indicated in the crystal structure and show that the LRET measurements are biologically relevant. It is shown that the measured binding and orientation modes are equivalent for both PglBCl and PglBCj. Moreover, we have delineated the proximity of the substrates, SP and UndPP-trisaccharide, to each other when bound to PglB. We show that LRET can be applied to study the interactions membrane enzymes with their cognate substrates, which complements the data obtained from x-ray crystallography and other biophysical and computational approaches, thereby providing a more comprehensive picture of membrane proteins in solution.
RESULTS AND DISCUSSION
Experimental rationale. The strategy devised includes expression of PglB with a genetically encoded lanthanide-binding tag (LBT). LBTs are short peptide sequences comprising 15-20 encoded amino acids that bind lanthanide ions, such as terbium (Tb 3+ ), with high affinity and which, by virtue of a strategically-placed tryptophan residue, sensitize Tb 3+ forming a luminescent complex. These genetically-encoded luminescent tags are small and the corresponding Tb 3+ complexes have long (µsec-msec) luminescence lifetimes, which makes them ideal for LRET. There are substantial advantages of LRET over FRET. 12 The main advantage is the relatively long luminescence lifetime of a lanthanide, which allows the emission signal to be collected after a short time delay, which enables elimination of any background luminescence resulting from direct excitation of the acceptor fluorophore. Furthermore, unlike the polarized emission from fluorogenic molecules, emission from lanthanide ions is radial, resulting in a reduced error in the determination of R 0 . A technical advantage with the application of LBTs to LRET is the insensitivity to incomplete probe labeling; the LBT is genetically encoded so chemical modification steps are completely avoided. All of these factors become particularly important when working with challenging membrane proteins in the presence of micelles or lipids.
Initial distance measurements between the selected LBT (MKLIFIDTNNDGWIEGDELL) 29 linked to the full length PglBCl (residues 1-712) and fluorescently labeled substrate peptides resulted in measured distances inconsistent with the experimental structural model of PglBCl. A possible source of this disparity was the extended native N-terminal sequence (PglBCl residues 1-12) between the LBT and the first transmembrane helix (TM1, residues 13-38). In particular, we were concerned that this linker provided flexibility in the LBT positioning with respect to PglB, possibly bringing the donor closer to the acceptor. To minimize the flexibility of the linker and position the LBT in a fixed orientation relative to TMH1 of PglB, the amino acids between the LBT and the beginning of the TM1 were deleted as described in Methods. Ultimately, the new construct (LBT-PglBCl-Δ1-12) with the reduced linker and more rigidlypositioned LBT was analyzed for enzymatic activity, peptide substrate binding, and Tb 3+ binding, to confirm the enzyme and the LBT function, and was used for the presented distance measurements. 
Activity of LBT-PglB construct.
The attachment of the LBT to the N-terminus of PglB ( Figure 1A ) enables intermolecular LRET measurements between the LBT-Tb 3+ complex and the fluorescently-labeled peptides or UndPP-glycan substrates ( Figure 1B and C). The LBT was encoded at the N-terminus of the PglB gene from either C. jejuni (for the LBT-PglBCj construct) or C. lari (for the LBT-PglBCl construct) in a vector with a C-terminal His 10 tag (pBAD) for purification. Specifically, LBT-PglBCl-Δ1-12 and LBT-PglBCj-Δ1-11 were designed with N-terminal deletions on PglB to minimize the LBT →PglB linking region. The activity of both of the LBT-PglB constructs was verified with a well established radioactivity-based assay. 25 LBT-PglBCl-Δ1-12 transfers glycan from UndPP-linked donor to the SP acceptor with a peptide K M similar to that of PglBCj (K M = 3.8 µM vs K M = 0.8 µM, respectively) ( Table 1 ). This suggests that, even with only 56% sequence identity between PglBCl and PglBCj, the OTases show similar peptide binding properties consistent with previous observations. Importantly, incorporation of the LBT and the N-terminal truncation of PglB do not adversely affect activity.
Assessment of Tb 3+ binding to LBT. To ensure that the N-terminal LBT of PglB maintains low µM affinity binding for Tb 3+ , each LBT-PglB construct was titrated with Tb 3+ and sensitized luminescence was observed at 490, 544, 585, and 620 nm with the most intense band at 544 nm, which was plotted against [Tb 3+ ] to determine the K D (Figure 2 ). Both constructs showed very good Tb 3+ affinity with estimated Tb 3+ K D s for PglBCl-Δ1-12 = 1.8 µM and for PglBCj-Δ1-11 = 2.3 µM); when each Value obtained from. c The K D for binding of the fluorescently-labeled peptides to PglB was determined from a best fit of the LRET data at different peptide concentrations represented in Figure 3 . Experiments were carried out in triplicate.
LBT-PglB construct was titrated with Tb 3+ , the enzyme saturated at one molar equivalent of Tb 3+ relative to the LBT-PglB ( Figure 2 ). The selectivity and µM LBT-Tb 3+ affinity together with the unique luminescence signal of the complex makes it an excellent LRET donor for spectroscopy with µM protein/substrate concentrations. 
Evaluation of fluorescently-labeled SP binding to LBT-PglB variants.
The substantial overlap between the LBT-Tb 3+ emission and the Bodipy(TMR) absorption spectrum provides the basis for LRET measurements to assess the interactions between substrates and the LBT-PglB variants. This donor-acceptor pair has also been used successfully in previous LRET experiments and has an R 0 = 50.8 Å, 30 which is in a suitable range for the targeted distance measurements. Based on the sequence of a well-characterized peptide substrate for PglB, 25 we designed peptides containing unique cysteines for fluorophore labeling ( Figure 1B ). In the first peptide (SP1), a cysteine was incorporated at the Nterminus, three residues from the asparagine; in the second peptide (SP2), a cysteine was positioned four residues C-terminal to the glycosylation site. The synthetic peptides, all featuring the glycosylation sequon and a cysteine residue at different positions ( Figure 1B ), were labeled using Bodipy-TMR maleimide and purified by HPLC. The final products were confirmed by MS (Table  S2 ). To ensure that addition of the fluorophore did not interfere with enzyme activity, the glycosylation of labeled peptides was analyzed. The efficiency of glycan transfer to the labeled and unlabeled peptides by LBT-PglB variants was comparable. For example, the LBT-PglBCj showed a K M = 0.8 µM for unlabeled peptide, and LBT-PglBCj -Δ1-11 showed a K M = 0.49 µM and K M = 0.77 µM for SP1 and SP2 ( Table 1 ). This confirms that the fluorophore on the peptides and the LBT on at the N-terminus of PglB do not significantly impact the interactions of the SPs with the LBT-PglB constructs or the glycan transfer reactions. The tolerance of the luminescent and fluorescent species for the assay components, namely 0.1% dodecyl maltoside, 5 mM MgCl and 10% glycerol, and the unperturbed enzymatic activity supports the application of LRET to this challenging polytopic membrane enzyme.
LRET measurements between fluorescent SPs and LBT-PglB. LRET measurements were conducted by tryptophan excitation at 280 nm, which sensitizes luminescence of the Tb 3+ -LBT chelate; the most intense emission band at 545 nm overlaps with the Bodipy(TMR) fluorophore excitation wavelength. In the experiments, introduction of a 50 µsec time delay after excitation ensures suppression of emission signals from short-lifetime species, effectively reducing background emission and enhancing sensitivity. 12 When combined together, a reduction in the LBT-PglB luminescence and an enhancement in the SP-Bodipy(TMR)s (SP-Fls) fluorescence are consistent with LRET between the donor and acceptor (Figure 3 inset). This was observed in a manner that was dependent on the peptide concentration. The equilibrium binding affinity of the Bodipy-labeled substrate peptide for LBT-PglB was determined based on the SP-Fl-dependent LBT luminescence quenching due to LRET ( Fig. 3 ). We observed that LRET was dependent on the concentration of SP and saturable, for example with a K D = 0.52 ± 0.08 µM for SP1 (which is comparable to K M = 0.49 ± 0.18 µM obtained from the activity assay for SP1; Table 1 ). In addition to the aforementioned activity results, these experiments further demonstrate that the fluorescently-labeled substrate peptides bind specifically to both LBT-PglBCj-Δ1-11 and LBT-PglBCl-Δ1-12 ( Table 1 ). Verification of specific binding between LBT-PglB and fluorescently labeled peptides sets the stage for distance measurements between these two partners using LRET. Figure 3 . Binding isotherm obtained from LRET experiments of the Tb 3+ -LBT-PglBCj-Δ1-11 complex with a substrate peptide (SP2) labeled with Bodipy-TMR. Id is the luminescence intensity of the donor alone, and Ida is the luminescence intensity in the presence of a donor and acceptor at 544 nm. The decrease in the luminescence of Tb 3+ -LBT-PglBCj-Δ1-11 and the increase in the fluorescence of SP2 correlated with the increase in [SP2] from 0.028 to 1.32 µM is shown in the inset.
Lifetime decay measurements of LBT-PglB variants in presence and absence of substrate peptides. The Bodipy(TMR) was conjugated with the SP at different positions to derive information on binding to the LBT-PglBs using luminescence lifetime decay. To acquire a maximum luminescence signal and avoid nonspecific LRET due to nonspecific peptide binding or collisional quenching, the concentrations of the peptide used for distance measurements ranged between 40-80% occupancy of the PglB-substrate peptide-binding site. From the saturation binding shown in Figure 3 , it is clear that these concentrations range between 0.22 μM and 0.66 μM SP. For the C. lari LBT-PglB-Δ1-12, in the absence of the fluorescent peptide, the LBT-Tb 3+ luminescence lifetime is τ = 2.3 ms; in comparison, τ = 1.17 ms in the presence of SP2 ( Figure 4 ). Addition of the acceptor leads to a more rapid decay rate, indicating LRET. There was no change in the lifetime decay of the donor upon addition of the unlabeled SP, indicating that the peptide alone does not influence the donor lifetime. 
Distance measurements between SP and LBT-PglB.
The structural basis of peptide recognition by the C. lari PglB has been determined by X-ray crystallography. The capacity to measure distances 24 with Å-resolution using LRET 12,13 allows an independent analysis of peptide binding to PglB in solution. To estimate the relevant distances, PyMol was used to model the structure of the LBT (PDB: 1TJB) onto the crystal structure of PglB from C. lari (PDB: 3RCE), 24 taking into consideration the N-terminal truncation. Using this model as a guide, the distances from the center of the chelated Tb 3+ donor to the approximate fluorophore location when attached to the acceptor peptides were determined ( Figure 1A and Table 2 ). Specifically, to simplify the modeling of distance measurements, we substituted a tryptophan at the cysteine site and then measured distances from the Tb 3+ center in the LBT to the C-5 of the indole ring for SP1 and SP2. Lifetime decays of LBT-Tb 3+ in the presence of fluorescently-labeled SPs together with Förster theory were applied to experimentally determine the distances between the LBT and three distinct sites on the SP. The average distances were calculated as described in the Methods. The distances, measured by LRET, from the Tb 3+ to the Bodipy on the SP1 and SP2 are R=51.6 Å and R=54.1 Å for the C. lari enzyme, respectively. Due to the existence of a flexible linker between the fluorophore and the point of attachment to the SP (Fig. 1B) , the exact placement of the fluorophore with respect to the peptide is uncertain. If the linker is flexible, we anticipate obtaining average distance measurements using LRET. Nevertheless, consistent with the modeled distances on the crystal structure, we found that the probe on the SP1 is closer to the LBT than the probe on SP2. To further evaluate the position of the peptide in the binding site, we elongated the C-terminus of the SP used in the crystal structure by extending the length by adding four naturally occurring amino acids taken from the sequence of the glycoprotein PEB3, 31 placing the cysteine seven residues away from the glycosylation site (+7) (SP3 in Figure 1B) . Interestingly, the experimentallydetermined distance from the LBT to this residue was 51.4 Å, bringing the (+7) residue closer to the Nterminus of the PglB than the (+4) residue. This suggests that the peptide forms a turn in the binding site, positioning the (-3) and (+4) amino acids of the SP in close proximity.
Comparison of the distances calculated between the Tb 3+ -bound LBT-PglBCl-Δ1-12 and SP1 and SP2 with measurements based on the reported structure, provide excellent validation for the LRET approach with this complex polytopic membrane enzyme. In light of these results we then applied parallel methods and reagents to the C. jejuni enzyme construct, LBT-PglBCj-Δ1-12. The C. jejuni and C. lari PglBs show 56% identity. The C. jejuni enzyme is of interest because it was the first characterized bacterial OTase and it is the homolog that has been the subject of the majority of the biochemical studies, although it has proven intractable to structure deter-mination. The distances measured with LBT-PglBCl-Δ1-12 were comparable to those for LBT-PglBCj-Δ1-11 ( Table 2 ), suggesting that the tertiary fold of both protein structures is similar. This information is of considerable value as it suggests that the known structure of the C. lari PglB is a useful guide for studies on the C. jejuni homolog.
LRET measurements between UndPPT-Fl and
LBT-PglB. Azido sugar substrates are well tolerated by several of the C. jejuni biosynthetic Pgl pathway enzymes enabling the chemoenzymatic synthesis of azide modified glycan substrates that are amenable to click chemistry for conjugating the fluorophore. 32 In the context of the current study, it was also shown that PglBCj tolerates Und-PP-diNAcBac-GalNAc-GalNAz conjugated to acetylene-545 fluorophore (UndPPT-Fl) as a glycosyl donor substrate. The absorption of the 545 fluorophore overlaps with the main Tb 3+ -LBT emission band (λ max at 544 nm), making it a suitable acceptor for LRET and the R 0 for the LBT-Tb 3+ donor and the 545 fluorophore acceptor was calculated (as described in Methods) to be 58.2 Å. Prior to the distance calculations, the binding constant for the glycan substrate was determined using LRET. The values obtained were K D = 0.33 ± 0.07 µM for LBT-PglBCl-Δ1-12 and K D = 0.1 ± 0.03 µM for LBT-PglBCj-Δ1-11. A decrease in the luminescence of LBT-Tb 3+ and a concomitant increase in the fluorescence of 545 fluorophore with Und-PPT-Fl titration ( Figure 5 inset) were observed, with saturation of the energy transfer ( Figure 5 ).
Distance measurements between UndPPT-Fl and LBT-PglB. To determine the distance between the Nterminal Tb 3+ -LBT complex and UndPPT-Fl, lifetime decay experiments were again performed. Consistent with LRET, a decrease in the lifetime decay was observed in the presence of the substrate (Figure 6 ). These data were used to calculate the distances between the donor and the acceptor as described for the SP interactions. The studies indicate that the fluorophore on the trisaccharide is positioned 58.7 ± 3.5 Å from Tb 3+ -LBT on LBT-PglBCl-Δ1-12 and 59.5 ± 3.7 Å from Tb 3+ -LBT on LBT-PglBCj-Δ1-11 (Table 2) , supporting these OTases also have similar glycan substrate binding interactions and overall structures. In this case, it is not realistic to predict absolute distances from a structural model, because the distance between the triazole, introduced by click chemistry, and the fluorophore is extended due to the flexible PEG linker in the commercially-derived acetylene reagent ( Figure 1C ). However, it is noteworthy that the current measurements are consistent with a recently proposed computational model of the interaction. 27 In the future, it will be necessary to make additional complementary measurements from LBTs at other sites in PglB, for example positioned in the cytoplasmic loops. 33 LRET studies on these additional constructs will then serve to localize the glycan binding site, in contrast to the current studies, which only provide two points of reference, the Tb 3+ in the LBT and the fluorophore, and while the LBT position is known relative to the frame of the protein, the flurophore could be anywhere on the sphere that is predicted by the measured distance. 
CONCLUSION
We have applied a molecular ruler based on LRET to measure the distances between a genetically-encoded luminescence donor, LBT-Tb 3+ , attached to the Nterminus of an integral polytopic membrane protein, and fluorescent acceptors conjugated to the cognate substrates for two related oligosaccharyl transferases (PglBs). The strategy was validated by first deriving distance information consistent with measured parameters from the crystal structure of a peptide substrate bound to the C. lari PglB 24 and then applied to comparative studies on the interactions of the cognate peptide and glycan substrates with both the C. lari and C. jejuni PglBs. This methodology is compatible with limited sample concentrations (2-5 µM) and volumes (100-200 µl) as well a number of buffer additives that are important for the stabilization of membrane proteins including selected cations, detergent and glycerol. The studies presented herein are also readily adaptable for investigating potential conformational changes of PglB involved in substrate binding and catalysis by employing the N-terminal Tb 3+ -LBT as a luminescence donor together with cysteine labeling to install Bodipy(TMR) as an acceptor onto discrete sites in the PglB, which would provide intramolecular distance measurements and, therefore, shed light on the intrinsic conformational changes of PglB due to substrate binding. In addition, application of LBTs at alternate defined sites in loops and at the protein termini should allow more definition concerning the location of fluorescently-labeled substrates on the enzyme. Furthermore, there will also be opportunities for using LRET as a readout for screening for competitive binders to the peptide and glycan binding sites as reported previously in an RNA polymerase HTS screen. 34 We are confident that these studies described herein will promote the more widespread application of LRET, enabled by encoding LBTs at the N-or C-termini and into defined loop regions, 33 to other polytopic membrane proteins of broad interest to the chemical and biological communities.
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Incorporation of LBT and PglB into the pBAD plasmid:
The primers encoding the LBT sequence, MKLIFIDTNNDGWIEGDELLAILEM, with NcoI and XhoI restriction sites, shown in Table S1 as NcoI-LBT-XhoI F01 and NcoI-LBT-XhoI R01, were annealed at 100 °C for 5 min and ligated using T4 DNA ligase (NEB) with the pBAD vector (Thermo Scientific) that was digested with XhoI and
NcoI-HF enzymes. The sequence of the LBT-pBAD was validated by sequencing. The PglB gene was amplified by PCR from the C. jejuni genome NCTC 11168 1 and from the C. lari genome RM2100 2 using appropriate primers, XhoI-PglBCj-His10-stop-EcoRI or XhoI-PglBCl-His10-stop-EcoRI primers (Table S1) or pBAD-LBT-XhoI-tPglBCj listed in Table S1 . The plasmid with two XhoI restriction sites was digested and ligated to delete the bases between the XhoI restriction sites.
To minimize random non-LBT sequence, the C-terminal AILE residues from the LBT sequence of MKLIFIDTNNDGWIEGDELLAILE were deleted. Primers LBTstPglBCl and LBTstPglBCj (Table S1 ) were used to delete the 12 bases in a one step quick change reaction. The final sequence of each plasmid was confirmed with sequencing.
Expression and Purification of LBT-PglB-His10
The LBT-PglB-His10 construct was overexpressed in E. coli BL21(DE3) RIL cells in 5liter flasks using Terrific Broth medium supplemented with 1% (w/v) glycerol. Cells were grown to an OD600 of 3.0 at 37 °C and induced with 0.1% (w/v) arabinose for 6
h. Cells were harvested by centrifugation and pellets were stored at −80°C before membrane preparation. All subsequent steps were carried out at 4°C. The PglB purification was carried out as previously described 3 with minor modifications.
Cells were lysed by sonication, cellular debris were removed by centrifugation at 8,000 g for 45 min at 4°C, and then the cell envelope fraction (CEF) was pelleted at 
Activity Assay
The activity assay was performed as described previously. 4 
Synthesis, Labeling and Purification of Fluorescently-labeled Substrate
Peptides (SP)
The substrate peptide with sequence of Ac-RDQNAT-NH2 has been well characterized and analyzed for PglB activity, and was synthesized as described previously. 4 The two peptides with cysteine incorporated into the sequence, SP1 
Synthesis, Labeling, and Purification of Fluorescently-labeled Und-PP-
diNAcBac-GalNAc-GalNAz
Synthesis, labeling and purification of Und-PP-diNAcBac-GalNAc-GalNAz was performed using previously described methods. 5 In summary, UDP-GalNAz was prepared chemoenzymatically from N-acetyl-galactosamine as described previously. [6] [7] [8] Und-PP-diNAcBac-GalNAc-GalNAz was synthesized as described by 
Luminescence Experiments
Luminescence measurements were conducted on a Horiba Jobin Yvon Fluoromax-3 equipped with a Spex 1934D3 phosphorimeter in 1 cm path length quartz cells.
Sensitization of Tb 3+ luminescence was carried out by exciting tryptophan at 280 nm and recording the luminescence at 544 nm. A 315 nm long-pass filter was used to eliminate interference from harmonic doubling. Excitation and emission slit widths of 5 nm were used with 1 s integration times. Spectra were corrected for emission intensity by using manufacturer-supplied correction factors. Spectra were recorded in 50 mM HEPES pH 7.5, 100 mM NaCl, 0.1%DDM, 10% glycerol, and 5 mM MgCl2.
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Tb 3+ was titrated by adding sub-microliter aliquots of Tb 3+ (using 40 μM -5 mM TbCl3 stock solutions) to the sample, the luminescence spectrum from 450 nm to 600 nm was recorded to obtain a titration curve.
LRET Experiments
The sample was excited at 280 nm with a lamp pulse followed by a 50 μs delay. A luminescence scan was then recorded from 530 to 580 nm in 5 nm increments. The 
Lifetime Decay Measurements
The luminescence intensity at 544 nm was monitored at 60 μs increments for 12 ms after an initial delay of 50 μs, following a lamp pulse at 280 nm from a xenon flash lamp. Decay measurements were performed in 50 mM HEPES pH 7.5, 100 mM NaCl, Where SN = normalized data, S = data, Max (S1….SX) =maximum value in the data set, Min(S1….SX) = minimum value in the data set.
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Distance Measurements
The lifetime decay data was fit to a mono-exponential or bi-exponential function:
Mono 
R0 calculation for LBT and Fluor 545 (in the acetylene-Fluor 545 reagent)
The Förster distance (R0) must be derived for each new acceptor/donor pair and is the distance at which there is a 50% energy transfer efficiency (E = 50).
R0 is calculated from: 10 R0 = 0.211(κ 2 η -4 QDJ) 1/6 Å where κ 2 = orientation factor (the orientation factor is 2/3, which assumes a random orientation), η = refractive index (is 1. 
S11
Supplemental Tables   Table S1. 
